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FOREWORD 

This repcrt wss prepared by Life Systems, Inc., for the National Aeronautics 
and SfHC Administration Lyndon B. Johnson Space Center in accordance with the 
requiirsnts of Contract NAS9>1S402, "Testing Evaluation of the Electrochemical 
Organic Content Analyzer." The period of performance for the program was 
September 1, 1977 to November 2, 1979. The objective of the program was to 
evaluate the Electrochemical Organic Content Analyzer as a technique for 
monitoring organic solute concentrations in the effluent of water recovery 
subsystems. The Electrochemical Organic Content Analyzer, if found to be a 
successful technique, would be part of a Water Quality Monitor Subsystem. 

Tests were also performed to determine the feasibility of operating the Elec- 
trochemical Organic Content Analyzer without the use of expendable reagents. 

All measurements and calculations contained in this report are expressed in SI 
(metric) units; conventional units are given in parenthesis. 

The Program Manager was Dr. R. J. Davenport. Technical support for the eval- 
uation was provided by Dr. J. B. Lantz, Mr. L. E. Wolfe and Dr. R. A. Wynveen. 

The Contract Technical Monitor was Mr. Gene Winkler, Crew Systems Division, 
Lyndon B. Johnson Space Center, Houston, TX 77058. 
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SUMMARY 

Environmental Control/Life Support Systeaa for habitations in apace lasting 30 
days or 0 K>re will incorporate water recovery subsystems for production of 
water for use by the crew, and for cooling and other purposes. It is expected 
that long-term missions will involve experimentation and even manufacturing 
under zero-g conditions. These activities will require large quantities of 
water that can be obtained only through the use of a water recovery subsystem. 

To ensure the health and well-being of the crew, as well as to prevent the 
failure of experiments and manufacturing processes because of substandard 
water, a water quality monitor will be incorporated in the water recovery 
subsystem. 

The objective of water quality monitors evaluated by the National Aeronautics 
and Space Administration has been to quantify total solids in the water, 
including, in some cases, measurement of microbiological activity. The total 
solids content can be approximated by measurements of conductivity (which 
indicates the concentration of ionic species that are predominately inorganic) 
and measurement of the organic solute concentrations, which are predominately 
nonionic and not quantified in the conductivity measurement. Conductivity is 
a valid measure of ionic solute concentration only over a narrow pH range 
betweeu 6 and 9 because of the high conductivities of hydrogen ions and hydroxyl 
ionr existing in significant concentrations outside this pH range. Therefore, 
pH measurements are made to assure the validity of the conductivity measurement. 

In the past, the organic solute concentration measurement was made by measuring 
the total organic carbon concentration. Total organic carbon analyzers, 
however, require the use of several components because of the inherent nature 
of the measurement. Inorganic carbon (dissolved carbon dioxide, carbonates 
and bicarbonates) must be removed from the sample in the analyzer prior to the 
measurement. After that, the total organic carbon measurement consists of the 
oxidation of the organic solutes in the sample by a strong chemical oxidizing 
agent or by beat, followed by the measurement of carbon dioxide produced in 
the oxidation. Thermal oxidation of organics requires the use of high temper- 
ature ovens and catalysts which become inactivated from the sample. Chemical 
oxidation of organics is possible using a strong oxidizing agent such as 
persulfate, catalyzed by ultraviolet radiation. The use of ultraviolet cataly- 
sis necessitates use of a quartz reactor and mercury vapor filled lamps. 

These components result in significant reliability problems in an aerospace 
environment. The total organic carbon analyzer requires the use of at least 
two reagents with a peristaltic pump containing rubber tubing, which is another 
reliability consideration. The oxidizing agent and acidic and basic reagents 
used in the analyzer impose certain risks. Because of the complexity of the 
analyzer, flight units may weigh between 9.1 and 3.6 kg (20 and 80 lb). 

An alternative to a total organic carbon analyzer in the Water Quality Monitor 
is the Electrochemical Organic Content Analyzer. This analyzer is a general 
indicator of organic concentrations and is analogous; to conductivity monitors, 
which are general indicators of the concentration of ionic solutes in water. 

The feasibility of the Electrochemical Organic Content Analyzer concept was 
originally demonstrated in one of Life Systems' Internal Research and Develop- 
ment Programs. The feasibility evaluation was expanded under Army Contract 
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DAMD17-75'C*5070. Th*t contract culminated in the development of the Bread* 
board Electrochemical Organic Content Analyzer which was designed for auto* 
mated, on*line monitoring of ozonated effluents. 

The Breadboard Electrochemical Organic Content Analyzer was developed with the 
goal of demonstrating the Electrochemical Organic Content Analyzer concept 
with automated hardware, but with limited research and development prior to 
the analyzer fabrication. As s result, an overkill approach was adopted to 
eliminate interferences that potentially might cause errors in the organic 
Bwasurements . This plan called for eventual elimination of the overkill 
components in future developments if the results of the evaluation Justified 
it. A change in the priorities involving the use of ozonation by the Anay 
prevented the evaluation of the Breadboard Electrochemical Organic Content 
Analyzer from being completed. 

The interferences that were considered during the development of the Breadboard 
Analyzer consisted of variations in temperature, pH and conductivity, and in 
chloride and dissolved oxygen concentrations. 

The overkill technique used to eliminate temperature variations was a tempera- 
ture controller and heat exchanger, while a basic electrolyte mixed with the 
sas^le eliminated the effects of pH, conductivity and chloride. In situ 
electrochemical reduction of dissolved oxygen eliminated interferences due to 
that species. 

The objectives of the present effort involved the evaluation of the Breadboard 
Electrochemical Organic Content Analyzer for aerospace applications. An 
awareness of the disadvantages of expendables in some systems resulted in an 
effort to investigate ways of reducing the consumption of the analyzer's 
electrolyte from the rate of 5.17 kg/30 days (11.4 lb/30 days). This investi* 
gation was successful and demonstrated the feasibility of operating the Elec- 
trochemical Organic Content Analyzer with consumption of electrolyte as little 
as 0.02 kg (0.04 lb) per 30 Jays of continuous operation. 

The evaluation has shown that temperature compensation is a practical approach 
to eliminate the overkill temperature controller and heat exchanger used in 
the Breadboard Analyzer. Temperature compensation could be automated elec* 
tronically, resulting in a smaller, lower weight and more reliable analyzer. 

In situ electrochemical reduction of dissolved oxygen resulted in relatively 
little increase in Analyzer complexity and was therefore retained in the 
Electrochemical Organic Content Analyzer concept. 

The feasibility of operating the Electrochemical Organic Content Analyzer with* 
out use of any expendables was also evaluated during this contract. This 
evaluation involved tests of the Mark V cell which utilizes an insoluble 
electrolyte between electrodes in the cell. Test results showed it is possible 
to operate the Mark V cell without expendables and detect organic concentrations. 
However, compensation must be extended from temperature to include conductivity 
and chloride concentrations. Ultimately it was found that when the cell's 
response was compensated for the above parameters its sensitivity to organic 
concentrations was insufficient to meet the needs of the Water Quality Monitor. 
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It is concluded that the Electrocheaicsl Organic Content Analyzer can result 
in an organic aionitor in the Water Quality Monitor having a range of 0.1 to 
100 Big/l total organic carbon for a large nuaber of coMon organic solutes^ 

In a flight version it is anticipated the analyzer would occupy 2 x 10 
(0.008 ft’’), weigh 1.4 kg (3 lb) and require 10 W or less of power. With the 
optinua method of injecting electrolyte into the sample (saturation of the 
sample with a salt) it would expend only 0.04 kg (0.08 lb) of electrolyte 
during 30 days of continuous operation. 

INTRODUCTION 

The development of space as a habitation and work place of man will mean the 
increasing use of solar cells for energy and decreasing use of fuel cells. 

Water used aboard spacecraft will be reclaiMd from condensation, wash water 
and urine in order to supplement water produced by the fuel cells. An iimsedi'* 
ate need is to ensure a source of high quality potable water for the crew. 

The reclaimed water will also be used as wash water, for cooling, eventually 
for experiments and possibly even for industrial piocasses. A Water Quality 
Monitor (VK^) has been projected for use during long-term missions to ensure 
that the health requireswnts of the crew are met and to prevent the fouling of 
components in the cooling system or other subsystems utilizing reclaiSMd 
water. This need will become increasingly apparent as more experiments and 
industrial processes are perforswd in space. The investment made in the 
experiments and other activities must be protected through the use of a WQM. 

The objective of the WQM is to quantify the concentration of dissolved solids 
in the water. Conductivity can be used as an indicator of inorganic species 
which are generally ionic. Measurements of pH are necessa|y to avoid errors 
resulting from the high concentrations of hydrogen ions (H ) and hydroxyl ions 
(0H~) which exist at extreme pH ranges. Organic solutes are generally non- 
ionic and therefore not detected through conductivity measurements. In the 
past, total organic carbon (TOC) measurements have been used to determine 
organic solute concentrations. This measurement requires the oxidation of the 
organic solutes to carbon dioxide (CO 2 ) followed by a measurement of the CO 2 
concentration. The oxidation, as it Has been siost recently employed, utilizes 
the oxidation of the organics by a strong chemical oxidizing agent in an 
acidic solution. A basic reagent is required for the_removal of inorganic 
carbon (in the for*i of dissolved CO,, carbonates (CO. ^) and bicarbonates 
(HCO.*)). Several components are required to perform the TOC measurement.^ * 

An inorganic carbon stripper is necessary to reoiove the inorganic carbon, and 
a quartz reactor and mercury (Hg) vapor lamp is necessary to perform the 
oxidation of the organic solutes catalyzed by ultraviolet (UV) radiation. The 
addition of reagents to the sample in a controlled fashion requires the use of 
a peristaltic pump which involves the metering of reagents and the sample 
through rubber tubing. 

The complexity of this hardware and the inherent reliability problems involved 
with it motivated an investigation of alternative organic solute monitoring 
techniques. Specifically, the Electrochemical Organic Content (EOC) Analyzer 
developed by Life Systems, Inc. (LSI) was evaluated during the present program. 


( 1 ) References cited are at the end of this report. 
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The EOC Anelyser concept it coneiitent with the goals of a low weight, conpact 
organic solute nonitor, operating with nininal expendable consus^tion. The 
EOC Analyser has desMnstrated a high sensitivity for siany organic solutes 
(detection lisiit of less than 0.1 ng/1 TOC). 

The EOC Analyzer is a general indicator of organic solute concentrations based 
on the direct electrochemical measurement of the organic solutes following 
adsorption of those solutes on the surface of an indicating electrode. No 
prior oxidation of organics or removal of inorganic carbon is necessary for 
the EOC measurement. The EOC Analyzer is therefore inherently simplier and 
more reliable than a TOC analyzer. 


Background 

The concept of the EOC Analyzer was conceived in 1975 under Life Systems' Inter* 
nal Research and Development (IRAD) program. The feasibility of the concept 
was initially investigated using in*house electroanalytical instrumentation. 

The circuitry for automated measureiMnt of EOC values was designed during that 
program. This circuit was subsequently assembled and the EOC Analyzer vfeasi* 
bility evaluation was expanded under Army Contract DAHD17-75*C*5070. ^ ' The 
Laboratory Breadboard EOC Analyzer was the first analyzer having the automated 
EOC circuitry. The response of the analyzer to several organic solutes was 
quantified with the Laboratory Breadboard using a batch type cell and a rotat* 
ing disk electrode as the indicating electrode. 

The feasibility evaluation resulted in the conclusion that the EOC Analyzer 
was feasible for on*line, industrial monitoring of organic solute concentrations. 
The realization that such an analyzer required a flowthrough EOC cell containing 
the indicating electrode resulted in the development, under LSI's IRAD program, 
of the Prebreadboard EOC Analyzer containing the Mark II EOC cell. This was 
the first flowthrough EOC cell and consisted of the indicating electrode, 
reference and counter electrodes mounted in a Teflon body. 

Contract DAMD17*75*C*5070 culminated in the development of the automated Brca^r 
board EOC Analyzer, designed for on-line monitoring of ozonated effluents.^ ’ ^ 

A few refinements in the EOC cell were made for improved sealing under pres- 
surized conditions so that the Breadboard EOC Analyzer ultimately contained 
the Mark IV EOC cell. 

The Breadboard EOC Analyzer utilizes a temperature controller and heat exchanger 
to maintain the temperature of the sample and EOC cell at 298 K (77 F), thereby 
eliminating variations in EOC response to changes in temperature. The basic 
electrolyte is added to the sample to mask the potential effects of pH changes 
and variations in the conductivity and chloride (Cl ) concentrations in the 
sample. Dissolved oxygen (0^) variations which affect the EOC response are 
eliminated by in sicu electrochemical reduction of the O 2 prior to the EOC 
measurement. The overkill techniques were Incorporated to cost effectively 
result in an automated instrument capable of making EOC measurements under 
pilot plant conditions. It was realized at the time of the Breadboard EOC 
Analyzer development that the overkill components, such as the electrolyte 
reservoirs, pump and temperature controller with heat exchanger, could be 
simplified or eliminated through a later extended design effort. It was 
anticipated .^t the start of the EOC Analyzer development that the eventual 
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nsttlt of th« devclopneat would bo a compact, li^tweight •ooitor of otfooic 
•oluto concoAtrotloai. The electrocheaical technique on which the EOC Analyzer 
it bated it very tentitive to low concentrationt of nany organic aolutet; 
therefore t the EOC Analyzer wat ezpected to be nore tentitive to organic 
aolute concentrationt than noat other organic aolute aonitori. 

It wet thete characteriatica that led to the evaluation of the EOC Analyzer 
for aeroapace applicationa. The evaluation of the EOC Analyzer under Contract 
NA89*1S402 atarted with an evaluation of the Breadboard EOC Analyzer to identify 
waya of reducing the quantity of electrolyte conauawd in operation. During a 
aecond phaae of the prograai the inveatigation waa extended to the Hark V EOC 
cell which allowed detection of organic aolutea without utilizing an expen* 
dable electrolyte. 


Prograai (Hijectivea 

Of the overkill coi^nenta uaed in the Breadboard EOC Analyzer, tboae required 
to atore the electrolyte and to neter it into the aanple atrean were the 
largeat and occi^ied the greateat voluae within the analyzer. Therefore, in 
order to reault in the greateat benefit, ainiaization of the electrolyte con* 
atwption and aii^llfication of the electrolyte injection technique were coo* 
aidcred firat. 


An extenaion of the electrolyte ainiaization effort waa the inveatigation of 
the Hark V EOC cell tdiich waa developed aa a poaaible aetbod of operating 
without any expendable electrolyte. Under phaae two of thia prograa, LSI 'a 
Hark V cell waa teated and ita reaponae characteriatica were evaluated. The 
cell waa found to be affected by variationa in teaqierature, conductivity and 
Cl* concentration. During the latter part of thia phaae the relationahipa 
between EOC reaponae and the variationa in tboae paranetera were quantified to 
pemit later autoaMtion of the reaponae conpenaation for tboae paranetera. 

The reaponae of the Hark V cell to aeveral organica wrt inveatigated with and 
without reaponae coqienaation. 

Progran Organization 

The prograa waa organized into aeveral taaka wboae apecific objectivea were: 


1.0 Perfora a preliainary evaluation of the reaponae of LSI 'a 

Hark V cell to organic aolutea that nay exiat in effluenta from 
the Vapor Coapreaaion Diatillation Subayaten (VCDS) and other 
uffluenta. 

Deleted 2.0 Quantify the reaponae of the EOC Analyzer to actual or aimulated 
VCDS aanplea. 

3.0 Inveatigate aieana of nlninizing ^^aaqile adjuatnent techniquea 
(overkill) preaently uaed in the Breadboard EOC Analyzer to 
elininate interferencea . 


4.0 Incorporate the Contractor 'a data nanagenent functiona to 

provide internal procedurea to control the collection, prep* 
aration, quality, aaaesament, diatribution and maintenance of 
data. 
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5.0 lacoiToratc the MDaieacBt needed to succeeilaily aeet the 
prograa*s Cost, Schedule end technical Perfonaance objective ~ 
to reault in Cuatoiwr tatiafaction. 

6.0 Quantify the effecta of potential interferencea on the per* 
foraance of the Hark V cell. 

7.0 Develop coa^enaation technology for the Hark V EOC cell. 

The objectives of the prograa were aet. The following sections review the EOC 
Analyser concept and hardware previously developed, the results of the work 
co^>leted, the conclusions reached and reconaendations aade. 

Definitions 

The organic solute concentration indices referred to in this report are defined 
below: 

1. Electrocheaical Organic Content: Two teras are used in referring to 
the output of the EOC Analyser: EOC value and EOC response. The EOC 
value refers to the aeasured output of an EOC Analyser, reported in 
instruaent units. The EOC response is the difference between the 
EOC value for water containing organic solutes and the value obtained 
for distilled water. 

2. Total Organic Carbon: The TOC values represent the concentration of 
carbonaceous organic solutes in th: i^aapl't, expressed in teras of 
ailligraas of carbon per liter of saople. 

BREADBOARD ELECTROCHEHICAL ORGANIC CONTENT ANALYZER 

Basis of Operation 

The Breadboard EOC Analyser deteraines the concentration of organic coapounds 
in water by aeasuring the decrease in interfacial capacitance produced when 
these compounds adsorb at an electrode surface. 

The process of organic adsorption is illustrated in Figure 1. This adsorption 
displaces water molecules from the electrode surface, decreasing the dielectric 
constant at the interf:.ce, and therefore the capacitance, in proportion to the 
fraction of the surface covered by the organic. This measurement is quantita* 
tive because the fractional surface coverage increases with the organic concen* 
tration. Such a relationship for ethylene glycol is shown in Figure 2. 

Prior to each new adsorption/capacitance measurement operation, the electrode 
surface is thoroughly cleaned electrochemical ly by first applying an oxidizing 
potential, then a reducing potential. The entire cleaning/measurement cycle 
is performed automatically according to the schesM depicted in Figure 3. 

The response of an EOC Analyzer for organic solute levels is general and 
analogous to the response o' a conductivity sensor to inorganic solute levels. 
That is, it responds to the cumulative effects of the individual species in 
solution, each of which makes a contribution dependent on its concentration 
and chemical characteristics 
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D«scriptio:i 

The Breadboard EOC Analyzer is shown pictorially in Figure 4 and schematically 
in Figure 5. The EOC response is affected by temperature^. conductivity and 
dissolved O 2 and chloride concentrations of the sample. * Overkill sample 
preconditioning was originally included in the Breadboard Analyzer to guaran- 
tee proper conditions for the analysis of ozone contactor effluents. The need 
for the sample conditioning devices is expected to be eliminated or reduced in 
the ultimate device developed for monitoring the purer, more consistent space- 
craft water. For the Breadboard Analyzer, however, electrolyte is injected 
into the sample stream to optimize cell resistance and to override pH, conduc- 
tivity and dissolved salts effects on EOC response. A temperature controller 
using a thermoelectric cooler/heater thermostats the incoming sample to mini- 
mize effects of temperature. An intermittent flow accessory (cell bypass loop 
and associated logic) eliminates interferences due to 0^ via electrochemical 
reduction (as illustrated by the equation below) after Che flow of solution 
through the EOC cell has been diverted through the bypass loop. 

O 2 ♦ 2 H^O + 4 e‘ s 4 0H‘ (1) 

Electrochemical oxidation occurs during the reduction and adsorption portions 
of the cleaning cycle in the stagnant solution in the EOC cell. The EOC cell 
is depicted in Figure 6. 

The response of the Breadboard EOC Analyzer to various organic cooq>ounds is 
illustrated in Figure 7. 

Evaluation 

The use of a large volume of consumable electrolyte solution in the Breadboard 
EOC Analyzer results in a weight, volume and power penalty because of the 
solution, pumps and other dispensing hardware. The primary objective of the 
Breadboard EOC Analyzer evaluation was therefore to minimize, or eliminate, 
electrolyte consumption while still providing an indication of organic solute 
content of spacecraft water precise enough to safeguard the health and well- 
being of crew members. The methods considered for achieving this «c.al include 
cell spacing modifications and the following changes in electrolyte technology. 

• Reduction of electrolyte concentration requirements in EOC cell 

a Reduction of sample/electrolyte flow rate 

• Sample equilibrium with low solubility salt 

• Electrochemical injection of electrolyte 

• Recycling of electrolyte 

• Permanent, insoluble electrolyte within the electrochemical cell 
Cell Modifications 

A key reason for injection of electrolyte into the sample stream is to maintain 
a relatively low cell resistance so that current can flow through the EOC 
cell. A low cell resistance is also required for good sensitivity and, if no 
compensation for variations in sample conductivity is employed, for good 
precision. Reduction of the spacing between the electrodes of the EOC cell 
reduces the cell resistance. Conversely, a lower electrolyte concentration 
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FIGURE A BREADBOARD EOC ANALYZER 
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figure 5 MECHANICAL SCHQIATIC OF BREADBOARD EOC ANALYZER 
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FIGURE 7 RESPONSE CURVES FOR BREADBOARD EOC ANALYZER 
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can be used (reducing the quantity of electrolyte salts carried in the Analyzer) 
to maintain a given cell resistance if the electrode spacing is reduced. 

Therefore, the performance of the Breadboard EOC Analyzer was evaluated for 
variable electrode spacing. 

The spacing between the working electrode and counter electrode in the Bread* 
board EOC cell was varied, down to a minimum of 0.00£ cm (0.003 in), and the 
instrument response to water and methanol solutions was evaluated. Nonlinear 
response curves were obtained following this modification, however, which 
indicated that interactive effects were occurring between the working and 
counter electrodes. Therefore, the baseline electrode spacing for the Bread- 
board EOC Analyzer, 0.25 cm (0.1 in), was retained during subsequent evaluations. 

Electrolyte Modifications 

The method and extent of electrolyte injection into the sample affect the 
weight, volume, power and service frequency for the electrolyte and associated 
hardware. Several concepts for minimizing electrolvte usage were developed 
during Life Systems' IRAD efforts. These concepts were examined during the 
present program as discussed below. 

Circuit Modifications . The measurement circuitry used to determine capacitance 
in the Breadboard EOC Analyzer was optimized for a given cell resistance. 
Therefore, as a preliminary step to investigating electrolyte modifications, 
the measurement circuits were modified to permit operation of the EOC cell 
with lower conductivity (low inherent electrolyte concentration) samples. The 
circuits were designed to permit reduction of the sodium hydroxide (NaOH) 
baseline electrolyte concentration to levels as low as 0.001 M. 

Soluble Electrolyte Minimization . The weight and volume of expendables required 
per unit time by the EOC Analyzer were reduced in proportion to the reduction 
of electrolyte concentration in the sample/electrolyte mixture. Therefore, 
experiments were performed to determine how low the electrolyte concentration 
could be while retaining useful analytical performance. 

The baseline electrolyte in the Breadboard EOC Analyzer is 0.3 M NaOH plus 
3 X 10 N NaCl. Adequate response was obtained using the circuit modification 
discussed above, with electrolyte concentrations as low as 0.01 M NaOH (Figure 8). 
This concentration represents a 30*fold reduction in electrolyte usage from 
the baseline value of 5.2 kg (11.4 lb) to 0.17 kg (0.38 lb) for a 30-day 
mission. 


Sample Flow Reduction 


In the spacecraft EOC analyzer the entire instrument, as well as the measure- 
ment cell, will be smaller. Reduction of the cell volume and modification of 
its geometry will permit reduction of the sample flow rate. Electrolyte usage 
will be reduced proportionately since the electrolyte injection rate is propor- 
tional the sample flow rate. 


It is projected that sample flow rates will be reduced from the 10 ^m'^/min 
(3 X 10^^ gal/min) baseline for the Breadboard EOC Analyzer to 1 em'^/min 
(3 X 10 gal/min) for the end-item EOC Analyzer. By combining this electro- 
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Organic Solute Concentration, ag/l TOC 
FIGURE 8 BREADBOARD EOC AKALYZER RESPONSE TO ORGANICS IN 0.01 M ■-Ap 
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lyte flow rate with an electrolyte concentration of 0.01 M, a 300-fold reduc- 
tion in electrolyte weight to 0.038 kg (0 C17 lb) per 30-day nisaion will be 
poaaible. 

Solid Salt . The instrument weight and bulk can be further reduced by storage 
of the electrolyte in the form of a sparingly soluble salt in pure solid form. 

A constant concentration of this salt can be maintained in the sample stream 
simply by equilibrium contact. The power requirements, volume and mass of me- 
tering pumps, plus the bulk and weight of a stored solution would be eliminated. 
The instrument would be simpler and more reliable. 

Published solubility data were screened to select salts that would be appro- 
priate for this application.' ' ’ Solubility versus temperature curves for 
four candidate salts are plotted in Figure 9. Calcium sulfate (CaSO,) has the 
advantage of a relatively constant solubility of about 0.02 M (2.1 g/1) over a 
fairly broad temperature range. Only 0.09 kg (0.2 lb) would be required to 
treat samples analyzed during a 30 day mission. Th? response of the EOC to 
samples saturated with CaSO^ is illustrated in Figure 10. 

Electrochemical Injection . Alternatively, a basic electrolyte, such as NaOH 
can be stored as a slurry in equilibrium with only a bare minimum of liquid to 
form a saturated solution. The NaOH can then be me^ered into the sample via 
Life Systems' in situ electrochemical hydroxide generator (Figure 11). Because 
the electrolyte is stored almost entirely as a solid its weight and volume are 
much lower and it requires less power than an electrolyte pump. Sodium hydrox- 
ide usage would be only 0.017 kg (0.038 lb) per 30-day mission. 

Recycle of Electrolyte . A method was devised to recycle the electrolyte via 
evaporative recovery. However, it became apparent that the complexities of 
removing dissolvea organics from the electrolyte prior to recycling would 
violate the overall goals for simple instrument hardware. Further considera- 
tion of this technology was therefore terminated. 

Insoluble Electrolyte . To completely eliminate expendables an insoluble 
electrolyte material can be used to conduct current across the cell. This 
material is stationery and permanent and, therefore, no replenishment is 
needed. This concept was implemented in an experimental cell called the 
Mark V, as illustrated in Figure 12. 

Tests of the Mark V cell, using the capacitance-measuring circuitry in the 
Breadboard EOC Analyzer, demonstrated that the capacitance changes that occur 
at the indicating electrode are insignificant compared to the capacitance 
resulting from the insoluble electrolyte (which is a dielectric) between the 
indicating and counter electrodes. Measurements of organic solute concentra- 
tions using the Mark V cell with a different measurement technique is discussed 
below. 

Conclusions . The best approach to electrolyte injection was deemed to be 
saturation of the sample with a sparingly soluble salt (such as CaSO.) or 
in situ generation of hydroxide.^ In combination with either approach the flow 
rate ol the sample would be 1 cm^/min (.< x lu gai/min). The savings in 
expendables consumption resulting 1 rom these changes are summarized ii. Table 1. 
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TABLE 1 BENEFITS OF ELECTROLYTE MINIMIZATION 


Approach 


Breadboard EOC Analyzer 
(Baseline) 


Electrolyte Weight for Continuous 
Operation, kg (lb) 


30 Days 


5.2 (11.4) 


180 Days 


31 (68.7) 


Saturation of Sample with 
CaSO, and 1 cm'^/min 
(3 X 10 gal/min) Sample 
Flow Rate 


0.091 (0.20) 


0.55 (1.2) 


In Situ Electrochemical 
Generation of^O.Ol M 
NaOH and^l cm' /min 
(3 X 10 gal/min) Sample 
Flow Rate 


0.017 (0.038) 


0.10 (0.23) 


I 

E 
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MARK V TECHNOLOGY ANALYZER DEVELOPMENT 

The Mark V cell demonstrated a potential for operating without any expendables. 
A joint decision was made between LSI and NASA JSC to investigate new methods 
of measuring organic concentrations using the Mark V cell technology. Complete 
elimination of expendables was projected not only to simplify the EOC Analyzer 
and minimize its size, but to also eliminate servicing of the instrument 
between missions. 

In one measurement technique the degree to which adsorbed hydrogen (H„) on the 
indicating electrode is displaced by organic molecules is measured, in a 
second technique, the oxidation of adsorbed organics on the electrode surface 
is measured. 

A Laboratory Breadboard Mark V EOC Analyzer, composed of discreet pieces of 
laboratory test instrumentation, was developed. Portions of the analysis 
sequence were operated manually because of the nondedicated nature of the 
instrumentation. This hardware is shown in Figure 13. 

Hydrogen Adsorption EOC Technique 


Basis of Technique 

Organic compounds are adsorbed at the electrode interface at the double layer 
region of potential, as shown in Figure 14. The potential is then decreased 
at a constant rate to scan the H^ reduction region. The amount of charge 
transferred in that region, as evidenced by the peaks shown in Figure 14 in 
the H 2 reduction region, decreases in proportion to the concentration of 
organic solutes present in the sample and adsorbed on the electrode surface.^ '' 

Response 

Response curves were evaluated to determine the capability of the technique to 
quantify the presence of various types of organic solutes. These experiments 
indicated that the method is indeed sensitive to some organics, as shown in 
Figure 15. The response is positive or negative, depending upon the type of 
organic compound; therefore, it may also be possible to use this technique as 
a qualitative tool to identify certain classes of organics. 

Organic Oxidation EOC Technique 

Although the H 2 adsorption method is sensitive, positive and negative responses 
for different compounds make it impractical for monitoring solute mixtures. 
Since spacecraft water will contain a mixture of solutes a second technology 
based on the oxidation properties of organic compounds was evaluated. Subse- 
quent efforts concentrated on the development of this technology. 

These investigations, which have included some upgrading of test conditions 
and hardware as the technology developed, have been relatively extensive and 
in keeping with the apparent potential of this analysis technique for space- 
craft water quality monitoring. The data discussed in the remaining sections 
of this report highlight these developments. 


f 



23 





figure 13 MARE V TECHNOLOGY LABORATORY BREADBOARD ANALYZER 
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FIGURE 14 TYPICAL VOLTAMMOGRAM OF PLATINUM 
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FIGURE 15 RESPONSE CURVES FOR HYDROGEN ADSORPTION TECHNIQUE 
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Basis of Technique 

As in the adsorption technique, organic compounds are initially adsorbed on 
the electroae surface in the double layer potential region (see Figures 1 and 
14). The oxidation region of 0. adsorption is then scanned. Organic compounds 
in this region are oxidized at the electrode surface, giving rise to an increase 
in current flow. 

CHgOH + H2O = COj + 6H'^ = 6e" (2) 

This oxidation is manifested as a peak area expansion in the O 2 adsorption 
region for the platinum electrode, as illustrated in Figure 16T To obtain an 
EOC value the area under the peak is integrated over the potential scan range. 

To obtain a net EOC response the peak area obtained from a solution containing 
no organics is subtracted The EOC response is illustrated by the cross-hatched 
area of Figure 16. 

The adsorption portion of the analysis cycle is carried out at a potential of 
-0.1 V. The flow is stopped at the start of adsorption, both to provide 
adequate time for organic compounds to adsorb on the electrode and also to 
electrochemically reduce O 2 content in the sample (Equation 1). 

Oxygen in EOC water samples was considered to possibly interfere with analysis 
by the organic oxidation technique by competing with organic molecules for 
adsorption on the electrode surface and/or by modifying the rate of platinum 
oxide formation in the oxygen adsorption potential region. 

Response 

Response curves were obtained to quantify the sensitivity of this technique 
for organic solute that are representative of compounds likely to be present 
in the monitored water. 


Individual Solutes . The response curves for various individual organic compounds 
are plotted in Figure 17. The analyzer was responsive to most of the compounds 
tested, although the response is limited for acetone and methylene chloride. 
Furthermore, all responses are in the positive direction, indicating that 
solute mixtures will not create ambiguous indications due to a mixture of 
positive and negative responses to some individual components as would be the 
case using the H 2 adsorption technique. 

Solute Mixtures . Ultimately the Mark V Analyzer will quantify the overall 
level of organic solutes in water. These solutes will generally be present as 
mixtures rather than as single compounds. Therefore the response of this 
technique to mixtures of organic solutes was investigated. 

The response to mixtures of test compounds is plotted in Figure 18. The 
composition of these mixtures is listed in Table 3. This data illustrates 
that a response can be obtained proportional to overall organics levels. 
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FIGURE 17 RESPONSE CURVES FOR ORGANIC OXIDATION TECHNIQUE 
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TABLE 2 COMPOSITION OF SOLUTE MIXTURE TEST SAMPLES 


Sample No. : 


Concentration, ppm TOC 
__ 3 5 " 


Solutes 


Methanol 


Acetone 


Toluene 


1-4 Dloxane 


Methylene Chloride 


Total 


/ 
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Allliuugli sparocraft water will be more consisleiil tlian the effluents of lerrrs- 
trial waste treatment effluents, variations in sample conditions will occur. 
i Parametric tests were performed to determine the response of the organic 

^ oxidation technique to various physical and chemical parameters that could be 

encountered and to elucidate the technology that roust be developed to further 
eliminate or reduce sample pretreatment requirements. 

I Dissolved Oxygen . In the capacitive-type Breadboard EOC Analyzer, reduction 

[ and adsorption potentials are applied during a stopped flow interval (Figure 3) 

i instead of a single potential of 0.1 V used in the Mark V cell. Implementation 

i of dual reduction and adsorption potentials during the stopped-flow period was 

i not possible for the Laboratory Breadboard Mark V EOC Analyzer due to the 

I limitations of the off-the-shelf instruments and manual sequencing. Automatic 

[ sequencing will be relatively straightforward to incorporate into the end-item 

[ analyzer. An experiment was performed to characterize the Laboratory Breadboard 

Analyzer for dissolved 0_. Mark V EOC values were determined for 0 and 10 mg/1 
TOC methanol solutions in both air-saturated and deaerated water, both with 
continuous flow and stopped flow measurement cycles. The results are presented 
in Table 3 as relative EOC responre (difference between 0 and 10 mg/1 TOC 
results, referenced to the response curve for methanol). These results imply 
I that the stopped flow portion of the cycle, as currently implemented, has 

limited benefit and that variations in 0. content of the laboratory EOC samples 
cause variations in the response. This factor must therefore be considered in 
evaluating response data obtained with the Laboratory Breadboard Analyzer. 

It is anticipated that using the same electrode potential and stopped-flow 
sequences that have proven to be effective in the Breadboard EOC Analyzer 
' would eliminate this problem in the Mark V EOC Analyzer. 

Temperature . Small temperature fluctuations are projected for samples analyzed 
by a spacecraft Water Quality Monitor. The effect of temperature on response 
is plotted in Figure 19. This data indicates that a strong temperature effect 
exists and that appropriate temperature compensation (or regulation in extreme 
cases) will be required if the temperature in the measurement environment 
varies significantly. 

Conductivity . The conductivity of spacecraft water will vary depending on the 
degree of carry-over of salts during water recovery processes. Although a 
conductive solid electrolyte is used between the Analyzer electrodes, variations 
in sample conductivity still affect the response characteristics of the analyzer 
(Figure 20). The response is enhanced at higher conductivities and compensation 
of the resp.nse will be required. 

Specific Ions. Certain ionic species present in water samples can also adsorb 
on or cliemically affect electrode surfaces, thus modifying instrument response. 
Therefore, the efiects ol suspect ions were investigated. 

- 2 . 

The elfeits of sullate (Su^ ) .iiid iiitiale (NO„ ), plotted in Figures 21 ami 22, 
ar<‘ small ewn at the worst case ion courentraiions that would be eiucuntered 
in watc) I r"iii a VCD.S (h-ss than 1 x 10 M and 1 x 10 M, respectively). 

The nie.isiiretiu lit mI tln'.se t‘flccts w'as made at constant ionic strengtli instc.ni 
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TABLE 3 RESULTS OF DISSOLVED OXYGEN EXPERIMENTS 

Relative Response, as ng/1 
TOC Methanol 



Air Saturated 
Water^ ^ 


Continuous Flow 

7.8 

4.6 

Stopped Flow 

8.^ 

5.0 

Difference 

0.6 

O.A 

1 


TT5 ^mg/l dissolved oxygen concentration, 
(b) 0.2 mg/1 dissolved oxygen concentration. 
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FIGURE 20 EFFECT OF CONDUCTIVITY ON MEASUREMENTS BY ORGANIC OXIDATION TECHNIQUE 
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of constant conductivity. Therefore, the effects observed in Figures 21 and 22 
are due to conductivity changes rather than to other electrode effects. is 
expected that conductivity compensation will eliminate the effects of SO. 

Ji ‘ 

Figure 23 indicates, however, that the presence of Cl represses EOC_values 
even at concentrations of 1 x 10 M. Although concentrations cfeCl 
spacecraft water are expected to be typically at or below 1 x 10 ^ M,'' ' 

compensation (or sample pretreatment) for Cl will be required to prevent 
errors. 

pH . The pH of spacecraft water will vary and the extent of possible pH effects 
was evaluated. These results are illustrated in Figure 24. There was almost 
no change in the net response with pH, although a small change was observed in 
absolute EOC value that indicated that pH compensation for pH values below 6 
could be required. It is also possible that a conductivity effect was being 
observed, although 0.001 M sodium sulfate (Na.SO^) was used as a supporting 
electrolyte to minimize changes in conductivity. :.f ’•o, conductivity compen- 
sation would eliminate the pH effects observed in Figure 24. 

Reproducibility Tests 

The EOC Analyzer will need to provide reliable indications of organic content 
over extended periods; therefore, the reproducibility of the instrument is 
important. 

The manual sequencing employed during evaluations of the organic oxidation 
technique doubtless produces measurement fluctuations that would not occur in 
a dedicated, automatic device. Preliminary evaluations of the response for 
10 mg/1 TOC methanol versus time were performed to get an idea of the repro- 
ducibility of this technique on an hourly and daily basis. For the long-term 
reproducibility test, EOC values for distilled water and a sample containing 
methanol at a concentration of 10 mg/1 TOC were obtained each day. The instru- 
ment was not operated at night, and in the morning it was powered up and 
allowed to come to a steady-state condition with distilled water as the sample. 
Therefore, the flucuations in EOC response shown in the long-term experiment 
include fluctuations due to daily startup and shutdown effects. The EOC 
values were compared to a calibration curve obtained for methanol at an earlier 
date to obtain the relative response data listed in Tables 4 and 5. The 
relative response, in units of mg/1 TOC for methanol, represents the output 
that would be obtained from the Analyzer if logic circuitry was provided to 
produce an output signal in concentration units rather than the instrumental 
EOC units now used. 

Table 4 presents the results of the short-term reproducibility tests, while 
Table 5 lists the results of the long-term test. 

The precisions indicated are adequate for providing a general indication of 
organic solute level. However, none of these EOC response values were cor- 
rected for temperature, conductivity or pH variations and Cl was not in the 
solutions. Compensation, if incorporated, would probably have improved the 
reproducibility. 
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FIGURE 23 EFFECT OF CHLORIDE ON MEASURIHENTS BY 
ORGANIC OXIDATION TECHNIQUE 
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FIGURE 24 EFFECT OF pH ON MEASUREMENTS BY 
ORGANIC OXIDATION TECHNIQUE 






Cifc Systems, Jhc, 






I 


TABLE 4 RESULTS OF SHORT-TERM REPRODUCIBILITY TEST 
FOR ORGANIC OXIDATION TECHNIQUE 


Hour 

Response to 10 mg/1 
TOC Methanol, pC 

Relative Response 
mg/1 TOC Methanol 

1 

59.0 

7.2 

2 

62.5 

10.5 

3 

63.5 

11.5 

4 

60.3 

8.3 

5 

65.4 

13.2 

6 

61.0 

9.0 

7 

60.4 

8.4 

8 

64.2 

12.2 


Average 10.0 

Standard Deviation 2.1 


(a) Based on response versus concentration curve for methanol. 
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TABLE 5 RESULTS OF LONG-TERM REPRODUCIBILITY TEST 
FOR ORGANIC OXIDATION TECHNIQUE 


Day 


Response to 10 mg/I Relative Response, as 

TOC Methanol. pC mg/I TOC Methanol 


1 

24.3 


13.5 

2 

14.7 


5.5 

3 

15.8 


6.2 

4 

17.7 


7.6 

5 

22.3 


11.5 

6 

19.7 


9.2 



Average 

8.9 



Standard Deviation 

3.1 


la) Based on response versus concentration curve for methanol. 
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Conclusions of the Parametric Evaluation 

The organic oxidation method was concluded to be the most desirable of tne two 
Mark V measurement techniques based on its positive response characteristics 
for a variety of organic compounds. However, temperature, conductivity and 
I Cl compensation will be required if variations in these parameters are signi- 

ficant. Modifications to the analysis cycle will also be required in the 
end-item analyzer to eliminate the influence of dissolved O 2 . 

Development of Compensation Technology for Organic Oxidation EOC Technique 

The results of the parametric evaluation indicated that relationships should 
be developed to demonstrate the feasibility of automatic compensation for 
temperature, conductivity. Cl and possibly pH variations. Such technology 
could ultimately be implemented using conventional parametric sensors and 
established electronics technology. 

Temperature Compensation 

Automatic compensation for variations in temperature will require use of a 
mathematical relationship in the EOC instrument to perform appropriate modifi- 
cations to its electrical output. The objective of the temperature compensa- 
tion study was to develop such a relationship. 

1 The effects of temperature on the response of the Mark V cell after maintenance 

{ and reassembly were evaluated. Uncompensated data for 0 and 10 mg/TOC methanol 

solutions is plotted in Figure 25 (unfilled circles and triangles, respectively). 
This data was then analyzed with least squares statistics. The exponential 
factor in the equation below produced good compensation, as shown by the solid 
circles and triangles in Figure 25. 

r' = R .“-“O (25-T) (3) 

I 

where R = Temperature Corrected EOC Value, ^iC 
R = Uncorrected EOC Value, pC 
T = Solution Temperature, C 

i 

} Compensation was within ±0.3 mg/1 TOC methanol equivalent over the 302 to 308 K 

[ (85 to 95 F) temperature range selected for^the water quality monitor for the 

4 Regenerative Life Support Experiment (RLSE)^ ^ and within ±2 mg/1 TOC methanol 

1 equivalent over a 293 to 318 K (68 to 113 F) temperature range. The compensa- 

I tion is effective for both distilled water and water containing methanol, 

indicating that it likely has general validity for other solutes and concen- 
trations. 

Extended Conductivity/pH Effects Evaluations 

Unlike temperature, conductivity and pH are chemical parameters. The effect 
of conductivity and pH variations on organic oxidation-type EOC measurements 
was projected to possibly vary with both the typ** of organic solute being 
analyzed and the composition of the ionic species in the spacecraft water. 
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0|^ Uncompensated, 0 end 10 mg/1 TOC 
Methanol, Respectively 


Compensated, 0 and 10 mg/1 
TOC Methanol, Respectively 
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The following evaluations were performed to establish a basis for development 
of a conductivity compensation relationship and also to further investigate 
whether pH compensation was required. 

Multiple Organics . Experiments were performed to determine the effects of 
conductivity and pH on the EOC response to different organic compounds. The 
conductivity and pH were varied by varying |he concentration and ratio of NaOH 
and sulfuric acid (H^SO.). Both sodium (Na ) and ions are components of 

spacecraft water. However, no other ions were added^so as to simplify this 
portion of the evaluation. 

A strong conductivity enhancement effect was observed as illustrated in Figure 26. 

Similar results were observed for 1 mg/1 and 5 mg/1 TOC methanol solutions. 

No correlation between response and deliberately random pH variations over the 
range 5 to 9 was observed, indicating that the pH effects were minimal and 
that the EOC response would not require pH compensation. 

VCDS Water Simulant . The response of the organic oxidation method to a series 
of solutions containing multiple salts at variable concentrations was evaluated 
to determine the effects of the ionic composition and conductivity of spacecraft. 

The formulations of these solutions, listed in Table^6« were based on published 
best'Case and worst*case VCDS effluent compositions.^ ' Although the effluent 
quality for /S^properly operating VCDS was expected to approximate the best*case 
composition^ ’ it was considered necessary to evaluate this range of solutions 
to assess the practicality of simultaneously compensating the response of the 
EOC Analyzer over wider conductivity and Cl concentration variations. Salt 
concentrations were based on VCDS effluents because more relevant data were 
available than for other water recovery systems. The value of these tests 
extends beyond merely the VCDS application, however. 

The EOC value is plotted versus conductivity in Figure 27 for both plain 
water simulant samples and samples containing 10 mg/1 TOC methanol. Similar 
data is reported in Figure 26. The EOC response is temperature corrected in 
both cases but the curves show differences. In Figure 27 the two curves con- 
verge at high conductivities while in Figure 26 the curve for 10 mg/1 TOC meth- 
anol diverges from the curve for 0 mg/1 TOC. This difference is attributed to 
the fact that the simulated water samples contain Cl , the concentrations of 
which generally increase with increasing conductivities. The cr ■'.vergence of 
the two curves in Figure 27 is due to the increasing Cl concentration at 
higher conductivities. 

A mathematical analysis of the EOC values for the 0 mg/1 TOC curves in both 
figures indicated that they varied with conductivity in a similar manner. 

Therefore, it was concluded that Cl does not affect the EOC response in the 
absence of organics. 

Conductivity Compensation 

As for temperature compensation, automatic compensation for conductivity 
variations in the water sample was performed in the EOC Analyzer using a 

(a) Raw EOC values, temperatures and conductivities for these samples are 
tabulated in Appendix 1 . 
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TABLE 6 ION CONCENTRATION USED IN VCDS 
WATER SIMULANT STUDY^*' 

Solution Nuiaber 


Ion 

1 

2 

3 

4 

5 


7 

8 

CO3* 

0.007 

1.6 

0.5 

2.0 

0.3 

0.7 

0.4 

0.007 

Na"^ 

0.08 

1.8 

0.5 

1.8 

0.8 

5.7 

5.1 

9.2 


1.3 

1.9 

1.0 

0.2 

2.1 

1.1 

0.5 

2.8 

NH^^ 

1.1 

1.5 

0.8 

0.0 

0.3 

0.6 

0.7 

2.3 

SO^* 

3.6 

2.8 

2.0 

1.4 

2.9 

12.3 

10.2 

23.0 

Cl" 

3.1 

4.8 

2.5 

0.2 

1.8 

2.5 

2.1 

6.0 

PO^’3 

0.06 

0.04 

0.01 

0.01 

0.12 

0.09 

0.10 

0.11 

B(b) 

0.06 

0.02 

0.02 

0.01 

0.07 

0.08 

0.03 

0.11 


0.04 

0.01 

0.02 

0.0 

0.002 

0.04 

0.01 

0.08 

Cu"^^ 

0.003 

0.002 

0.001 

0.0 

0.001 

0.003 

0.001 

0.003 

Al*^ 

0.3 

0.2 

0.2 

0.05 

0.3 

0.2 

0.03 

0.6 


9 

10 

11 

12 

13 

14 

15 

16 

C03= 

0.6 

0.1 

0.6 

1.8 

6.0 

10.0 

2.9 

1.9 

N." 

12.0 

11.0 

20.0 

17.0 

27.0 

13.0 

36.0 

23.0 


3.5 

1.9 

6.2 

1.8 

2.1 

7.8 

5.5 

17.0 

nh/ 

4.5 

1.9 

5.4 

3.7 

3.6 

9.6 

13.0 

7.4 

SO^= 

28.8 

26.9 

47.7 

38.0 

56.0 

28.0 

68.0 

51.5 

Cl" 

12.0 

3.8 

15.4 

8.2 

14.0 

25.8 

31.0 

29.0 

PO^"^ 

0.07 

0.07 

0.14 

0.4 

0.2 

0.4 

0.5 

1.1 


0.17 

0.06 

0.02 

0.23 

0.07 

0.26 

0.17 

0.41 

Fe* 

0.06 

0.001 

0.1 

0.1 

0.2 

0.02 

0.03 

0.1 

Cu^2 

0.003 

0.002 

0.001 

0.003 

0.001 

0.001 

0.05 

0.03 

Al^^ 

0.7 

0.8 

0.9 

0.7 

0.2 

1.5 

1 1.0 

1 .0 


(a) Ion Concentrations in mg/1. 

(b) As ^( 0 ^ 
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computational function. The results of the extended conductivity evaluations 
enabled the development of such a relationship. 

Data from the extended water composition test were used to develop a compensa- 
tion equation for correction of the EOC response to conductivity changes. 

This relationship, shown in Equation 4, corrects temperature compensated EOC 
values to 1 pmho/cm conductivity. 

R" = R* (4) 

where R*’ = EOC Value Compensated for Temperature and Conductivity, pC 
k = Solution Conductivity, pmho/cm 

The data in Figure 28 results when Equation 4 is used to compensate the response 
of the EOC values for VCDS water simulant conductivity variations. The low 
EOC value at higher conductivities^was again correlated with suppression of 
the response by the presence of Cl , as discussed above. As expected, when 
the EOC value for solutions containing no Cl (Figure 26) is corrected using 
Equation 4, relatively consistent response sensitivity over a range of conduc- 
tivities is obtained, as illustrated in Figure 29. The points falling above 
the 10 mg/1 TOC methanol curve reflect scatter in the uncompensated data 
(compare Figures 29 and 26) and the limitations of the compensation relationships. 

These results indicate that compensation of the Mark V EOC values for conduc- 
tivity variations is feasible. The need to compensate the EOC response for 
variations in Cl content is also reconfirmed. 

Chloride Compensation 

The development of a relationship for automatic compensation of analyses for 
the effects of Cl in water samples was also believed to be possible. There- 
fore, additional mathematical analyses of the VCDS water simulant data was 
performed. 

Prior to developing a Cl compensation relationship, a logarithmic correlation 
between EOC response and Cl concentration was determined, as shown in Figure 30. 
The response of the analyzer decreased to approximately 30 mg/1 Cl . At this 
concentration there was little difference between the response of the EOC 
Analyzer to methanol and to solutions containing no metnanol. The response of 
the anaiyzer to 0 mg/1 TOC solutions remained relatively unchanged as Cl 
concentrations increased. 

It was possible to establish a compensation relationship for EOC response as a 
function of Cl concentration to approximately 30 rng/1. This relationship is 
shown in Equation 5 below. It corrects EOC response to correspond to 0.1 mg/1 
Cl and takes into consideration essentially no effect of Cl on the baseline 
(no organic solute). 

Rq”* = K^’7(0.64 - 0.39 log (Cl*)) (5) 

where R = EOC Response Compensated for Temperature, 

^ Conductivity and Cl , pC 
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R^" = EOC Response Compensated for 

Temperature and Conductivity, pC 
(Cl ) = Chloride Concentration, mg/1 

VAien applied to the_data in Figure 28, Equation 5 produced the temperature, 
conductivity and Cl -compensated responses and relative responses plotted in 
Figure 31 and 32, respectively. The combined compensated responses are rela- 
tively flat between about 0.1 and 10 mg/1 Cl . This range corresponds to 
conductivity variations between 8 and 120 pmho/cm and small ambient_tempera- 
ture changes. This data indicates the feasibility of a combined Cl and 
conductivity compensation at least in those cases where the Cl concentrations 
are less than 10 mg/1 and relatively constant. 

However, there is still a significant level of scatter in the data mainly at 
the larger Cl concentrations. This occurs because the large compensation 
factor applied at these concentrations amplifies any response errors. The 
amplification is particularly notable for random deviations from the standard 
baseline, even if no organic solute is present. Therefore compensation of 
Mark V EOC responses for Cl interference appears to be practical only if the 
Cl concentration is small. 

Overall Compensation 

The feasibility and limitations of compensation of the EOC Analyzer for tempera 
ture, conductivity and Cl concentrations have been demonstrated. It is 
possible to compensate simultaneously for these three parameters with a single 
relationship. It is projected that the end-item EOC Analyzer will periodically 
be zeroed with a solution containing 0 mg/1 TOC (commonly referred to as the 
blank). In most cases the temperature and conductivity of the blank will be 
different than those of the sample. Equation 6 corrects for the effects of 
temperature and conductivity in those cases when the temperature and conduc- 
tivity of the blank and sample are not the same: 

j R - 8, (6) 

“ 0.64 - 0.39 log CCl") 


where: R, = Uncompensated EOC Value for 0 mg/1 TOC Blank, |jC 

k? = Conductivity of the 0 mg/1 TOC Blank pmho/C 
T^ = Temperature of 0 mg/1 TOC Blank, C 


In special cases, the temperature and conductivity of the blank may equal that 
of the sample. If this is the case the simplified equation below applies: 


Ro’" = 


j^-0.19 g0.050(25-T) 
0.64 - 0.39 log (Cl") 


( 7 ) 


whfie; Rjj = Uncompensated EOC Value for 0 rag/1 TOC the Blank, pC 
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Response Experiments 

The effect of the compensation equations on the response of the Mark V cell was 
quantified for a wide variety of organic solutes at 10 mg/1 TOC concentration'"- . 
The results of the survey are listed in Table 7. This survey expands the data 
base for the organic oxidation technique and demonstrates its applicability to 
compounds other than those tested thus far. 

Compensated response curves were obtained for methanol, 1.4 dioxane, acetone, 
methylene Cl , toluene and urea (Figure 33). The curves were corrected for 
temperature and conductivity variations using Equations 3 and 4. 

Both groups of response tests indicate that the organic oxidation technique, 
as presently implemented, is particularly sensitive to certain compounds 
(alcohols such as methanol and ethylene glycol) and relatively unresponsive to 
others (ketones for example). However, the conductivity compensation relation- 
ship appears to distort the natural sensitivity of the organic oxidation tech- 
nique to many compounds by normalizing all responses to 1 pmho/cm conductivity. 
The implicit conductivity of all of the solutions was higher in some cases by 
as much as two orders of magnitude. It is recommended that an improved con- 
ductivity compensation relationship be sought that normalizes data to a higher 
conductivity than 1 pmho/cm. 


CONCLUSIONS 

The objectives of the EOC evaluation have been successfully achieved. The EOC 
Analyzer concept has been shown to be compatible with the needs of organic 
solute monitoring in the WQM. The investigation of the Mark V EOC cell has 
shown that operation without expendables is possible. It has shown that 
automated electronic compensation of the EOC response for the effects of 
temperature, conductivity and Cl is feasible. However, the apparent sensi- 
tivity of the Mark V cell to organics is greatly reduced for many organics 
once compensation is applied to the cell's response. 

The Mark V cell evaluation has shown that the response of the cell to certain 
organics which adsorb strongly on the indicating electrode is significantly 
less than the response observed with the Breadboard EOC Analyzer. It is 
concluded that these response differences are due to the limited oxidizability 
of many organics on the indicating electrode. The Mark V EOC cell responds to 
organics that adsorb strongly on the indicating electrode and then are readily 
oxidized electrochemically . The Breadboard EOC Analyzer responds to organics 
that adsorb on the electrode, and oxidizability is not a requirement for the 
measurement. The significance of this difference can be illustrated in the 
differences in the response to urea of the Breadboard EOC .Analyzer (Figure 7) 
and the Mark V cell (Figure 33). 

Whereas the Mark V EOC cell has limited potential for use in the WQM because 
of its lack of sensitivity, the Breadboard EOC Analyzer has demonstrated great 
sensitivity to many organic solutes. This program has demonstrated how to 
eliminate or simpiity the overkill techniques used in the Breadboard EOC 
Analyzer. Temperature compensation was demonstrated in the Mark V study. Two 
techniques for simplifying electrolyte injection have been demonstrated. 
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TABLE 7 RESULTS OF ORGANIC COMPOUND SURVEY 


Uncompensated Compensated 

Relative Response Relative Response 


Organic. . 
Compound' * 

Compound 

Class 

mg/1 TOC 
Methanol 

mg/1 TOC., 
Methanol ' 

Methanol 

Alcohol 

19.0 

10.0 

Ethanol 

Alcohol 

43.0 

2.6 

2~PropanoI 

Alcohol 

2.5 

<1.0 

Ethylene Glycol 

Alcohol 

45.5 

24.2 

Glycerol 

Alcohol 

33.0 

22.7 

Phenol 

Alcohol 

1.8 

<1.0 

2,3 Dimethyl Phenol 

Alcohol 

1.8 

<1.0 

Formic Acid 

Acid 

53.5 


Acetic Acid 

Acid 

9.8 

Oxalic Acid 

Acid 

87.0 

2.1 

Ascorbic Acid 

Acid 

13.0 

<1.0 

EDTA 

Acid 

14.8 

1.3 

Potassium Acid 
Phthalate 

Ester 

6.5 

NR 

Sodium Lauryl Sulfate 

Ester 

8.6 

0.9 

Chloroform 

Chlorinated 

Hydrocarbon 

5.2 

3.1 

Methylene Chloride 

Chlorinated 

Hydrocarbon 

2.0 

NR 

Urea 

Urea 

4.0 

<1.0 

Thiourea 

Urea 

4.4 

2.0 

Acetone 

Ketone 

1.5 

NR 

1-4 Dlozane 

Ketone 

2.0 

NR 

Triton X-100 

Wetting Agent 

4.6 

2.7 

Toluene 

Aromatic 

Hydrocarbon 

2.0 

NR 

Glycine 

Amino Acid 

2.0 

<1 

Dimethylphenylene- 
diamine Oxalate 

Amine Salt 

3.5 

NR 


(a) Organic concentration ■ 10 mg/1 TOC. 

(b) Temperature and conductivity corrected. 

(c) No response or slightly negative response. 
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Electrochenical in situ generation of electrolyte has been shown to be feasible, 
and analytical response to organic solutes in 0.01 M NaOH has shown that the 
analyzer's response characteristics satisfies the needs of the WQM. Injection 
of electrolyte by saturating the sample with a slightly soluble salt has also 
been evaluated using CaSO^. 

Comparison of the two techniques shows that the response of the EOC Analyzer 
with 0.01 H NaOH is more sensitive than when the sample is saturated with 
CaSO. . However, electrochemical injection of NaOH would generate H» snd 0^ 
which must be vented. Therefore, two additional interfaces would be added to 
the analyzer. A zero*g gas/liquid separator would also be required to avoid 
errors due to the presence of bubbles in the EOC cell. Electrochemical in 
situ generation of the electrolyte would also be more flow rate dependent than 
the saturation technique since the NaOH generation current would have to be 
adjusted in proportion to the sample flow rate in order to maintain a constant 
electrolyte concentration. 

The saturated salt technique, however, require: the bed be sized to ensure 
saturation of the sample over the normally expected range of flow rates. No 
gases are produced so no interfaces other than the sample inlet and outlet are 
required in the analyzer. Conductivity and/or temperature compensation would 
be required to overcome the effects of temperature changes on the solubility 
of the salt in the sample. This would be implemented in the same way as in 
the Mark V technique. 

In either case, the in situ electrochemical reduction of dissolved 0„ would be 
required and Implemented using the stop flow technique incorporated In the 
Breadboard EOC Analyzer. This technique is extremely simple, requiring only a 
solenoid valve and circuitry to operate it. 

The analytical response of some salts may be better than that obtained with 
CaSO, . Past EOC tests have shown that high concentrations of electrolyte and 
either strongly basic or strongly acidic solutions produce the best EOC response. 
A slightly soluble base such as calcium hydroxide (Ca(0H)„) may produce better 
response than CaSO^ since it is strongly basic and more soluble. 

In summary, the tests that have been performed during this contract have shown 
that the development of a small organic solute monitor based on the EOC concept 
is feasible and practical. It is projected that an analyzer at the flight 
level could occupy as little as 2 x 10 m (0.008 ft ) and weigh 1.4 kg 
(3 lb), including expendables. Only 0.04 kg (0.08 lb) of expendables would be 
required for 30 days of continuous operation. Power consumption by the analyzer 
is projected at 10 W or less. 


RECOMMENDATIONS 

The technology required for the development of an advanced version of the EOC 
Analyzer as described above has been accumulated through this and other programs. 
The questions that remain to be answered are those involving the integration 
of an electrolyte injection system in the EOC cell and the integration of 
automated instrumentation (including automated compensation for conductivity 
and/or temperature) with the EOC cell. An instrument such as this at the 
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advanced breadboard level would provide data in a cost-effective manner and 
would allow the final decisiun lu be made regaiding the applicability of the 
EOC Analyzer in the WQM. Until such time as the Advanced Breadboard EOC 
Analyzer is tested it must be concluded that the EOC Analyzer provides the 
analytical response and physical attributes required for the next generation 
WQM. The results obtained so far in the evaluation of the EOC concept have 
utilized the Breadboard EOC Analyzer or laboratory breadboard level equipment 
with standard electroanalytical instrumentation. Although the Breadboard EOC 
Analyzer contains many of the basic features required in the EOC Analyzer 
design for aerospace applications, many differences exist due to the fact it 
was designed for a specific terrestrial application. Precise comparative data 
between the EOC Analyzer and other organic solute monitors that may be eval- 
uated for use in the WQM can only be obtained using integrated instrumentation 
at the advanced breadboard level. It is recommended that an Advanced Bread- 
board EOC Analyzer be developed, tested and evaluated to define its complete 
potentialities for the WQM. 

It is al'io recommended that the Advanced Breadboard EOC Analyzer be designed 
to consist of two parts; the sensor assembly and the instrumentation assembly. 
The sensor assembly would contain the EOC sensor and sensors for temperature 
and conductivity to be used in compensating the EOC response. In the sensor 
assembly a salt canister with a solenoid valve would be contained to provide 
the electrolyte injection and in situ electrochemical dissolved O 2 reduction 
functions, respectively. 

The instrumentation assembly would contain signal conditioning circuitry for 
the sensors, plus signal processing circuitry to convert the logrithmic EOC 
response to a response that is linear and increases with increasing organic 
concentration. The signal processing circuitry would include adjustments for 
calibrating the EOC output. 

The test program for the Advanced Breadboard Analyzer would include checkout 
and shakedown tests following its assembly. Parametric tests would be incor- 
porated to verify the effectiveness of compensation for sample temperature 
changes. The parametric tests would also include tests of the effectiveness 
of the salt bed in maintaining a constant electrolyte concentration under the 
conditions of varying sample conductivities, pH values and Cl concentrations. 
The Design Verification Test would be performed to test the performance of the 
analyzer during continuous operation over a 30-day period. After disassembly 
and inspection of the analyzer, it would be reassembled prior to performance 
of an acceptance test and shipment to NASA Johnson Space Center for extended 
tests . 
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